1. Introduction {#s0005}
===============

Alzheimer\'s Disease (AD) is progressive and its onset probably occurs 20 to 30 years prior to clinical diagnosis ([@bb0205]; [@bb0430]). Thus, studying the prodromal phase of AD is of a tremendous importance to contribute to its early diagnosis and better understand its early effects on the brain. Persons meeting criteria for Mild cognitive impairment (MCI) have a high likelihood of progressing to dementia ([@bb0140]; [@bb0320], [@bb0325]; [@bb0440]) thus, making it a suitable target population to study the early phase of the disease.

A number of studies have observed hyperactivation in MCI individuals, that is, higher level of brain activation than what is found in cognitively unimpaired older adults (controls; CTL) ([@bb0065]; [@bb0070], [@bb0075]; [@bb0080], [@bb0085]; [@bb0350]). This is in contrast with studies of persons with dementia who most often reported hypoactivation i.e., lower levels of activation in patients than in CTLs ([@bb0145]; [@bb0165]; [@bb0265]; [@bb0280]; [@bb0385]; [@bb0410]). Thus, the presence of hyperactivation might represent an early signature of the disease. It might also reflect key mechanisms regarding how the early neuropathology of AD leads to clinical symptoms of dementia ([@bb0070], [@bb0075]; [@bb0080]; [@bb0235]; [@bb0305]; [@bb0415]). However, a few studies have also observed hypoactivation in MCI and therefore, it is critical to better understand the conditions that lead to hyperactivation and the reasons for such discrepancy ([@bb0210]; [@bb0170]; [@bb0175]; [@bb0265], [@bb0270]).

The finding of both hypoactivation and hyperactivation in MCI might have a number of possible explanations. First, not all MCI progress to dementia and very few studies about hyperactivation have followed this group over time to separate progressors from stable MCI (sMCI). If hyperactivation is specific to progressors, including non-progressors might contribute to reduce or hinder the effect.

It has also been proposed that task-related activation follows a non-linear inverse U-shape trajectory with disease progression ([@bb0070], [@bb0075]; [@bb0160]; [@bb0340]). One account is that increased compensatory activation would occur when neural loss is mild but would no longer be possible when the neuronal insult becomes more important, producing hypoactivation and cognitive breakdown ([@bb0340]). Another account proposes that early amyloid accumulation would increase the production and inhibit recapture of glutamate which would result in hyperactivity ([@bb0025]; [@bb0045]; [@bb0040]; [@bb0200]). Aberrant synaptic activity would contribute to an increase in amyloid and tau production, which would lead to increased neuronal death ([@bb0125]; [@bb0240]; [@bb0445]), and this whole pattern would account for the inverse U-shape activation. The hypothesis of an inverse U-shape pattern was partly supported by transversal studies from [@bb0070], [@bb0075], and [@bb0085]. They observed hyperactivation in early MCI and hypoactivation in late MCI when participants completed tasks known to be impaired in MCI (associative memory: [@bb0070]; recollection: [@bb0075]; working memory and divided attention: [@bb0085]). Therefore, prior findings suggest that task-related hyperactivation characterizes the earliest phase of MCI and that it is followed by hypoactivation as patients progress to dementia. However, these studies relied on a transversal design where they compared groups of "early" vs. "late" MCI persons based on their scores on a clinical scale. This has limitations because combining patients at different disease stages might reflect interindividual differences in activation and conceal genuine changes caused by the progression of the disease. Therefore, the effect of hyperactivation can be best assessed with longitudinal studies where intraindividual change is privileged over interindividual differences. Furthermore, only a longitudinal follow-up can exclude MCI persons who will not progress to dementia.

Very few studies used a longitudinal design to measure brain activation changes in MCI persons. Two studies reported that higher hippocampal task-related activation at baseline preceded decrease of activation and cognitive decline in MCI individuals ([@bb0190]; [@bb0310]). This supports the descending phase of the inverse U-shape of activation co-occurring with cognitive breakdown. However, these studies only assessed activation in the hippocampus. To determine whether this longitudinal pattern of hyperactivation is specific to the hippocampus or whether it is also observed in cortical regions might help contribute to understanding the source of hyperactivation and its relation to cognition. Moreover, although these previous longitudinal studies involved a follow-up, they did not separate their group to examine if hyperactivation was only found in MCI individuals who later developed dementia.

In summary, hyperactivation has great potential as an early signature of AD and in accounting for the dynamic of brain changes with the disease. However, it is critical to confirm its presence in MCI later progressing to dementia and to determine its localization and temporal pattern. Thus, a first objective was to assess whether hyperactivation is present in MCI individuals who later progressed to dementia (pMCI). MCI participants received a clinical assessment over many years following recruitment which allowed to identify pMCI and examine hyperactivation in that group. A second objective was to assess whether hyperactivation is found only in the hippocampus or if it is also observed in cortical regions. We used a region of interest (ROI) approach and assessed task-related activation only in regions showing cortical thinning over a two-year period. This approach was selected for several reasons. First, our study is based on the model that increased activation occurs in regions that suffer mild neural loss and that as the damage becomes more important, recruitment is no longer possible and hypoactivation occurs. Hence, regions with structural impairment are those that should preferentially show altered fMRI activity i.e., hyperactivation in the early disease phase followed by hypoactivation ([@bb0070], [@bb0075]; [@bb0160]; [@bb0340]). Based on this model, one should select brain regions according to the likelihood that they will have suffered structural impairment. This has the additional pragmatic advantage that it reduces the number of regions examined and the likelihood of type I error which might occur due to multiple comparisons. The latter is a well-recognized risk in fMRI studies inherent to voxel-wise whole-brain between-group comparisons. Additionally, the approach is consistent with influential and seminal studies which have focused on brain regions known to be structurally impaired in early AD and have found increased activation in individuals in the prodromal phase of AD ([@bb0105]; [@bb0190]; [@bb0310]; [@bb0350]). Task-related activation was also assessed in the hippocampus where AD-related structural changes are known to occur very early in the disease process. A third objective was to study how hyperactivation changes over time by measuring activation twice over a two-year period. pMCI are expected to show hyperactivation, that is, larger task-related activation than CTLs in both hippocampi and in structurally-impaired cortical regions. Hyperactivation is expected to decrease with time.

A secondary objective was to assess whether task-related activation relates with time before the clinical diagnosis of dementia. This was done because even though we used a longitudinal design, different entry points might prevent us from observing activation changes, as some individuals may be in the ascending portion of the inverse U-shape function, and others in the descending one. Examining activation as a function of time to dementia diagnosis might provide more precise information regarding the position of the participants on the MCI-to-dementia continuum. We also assessed the relationship between hippocampal volume/cortical thickness and time to diagnosis to support the validity of the measure.

2. Methods {#s0010}
==========

2.1. Participants {#s0015}
-----------------

Forty participants, 26 persons with MCI and 14 CTLs, were recruited for this study.[1](#fn0005){ref-type="fn"} All participants were native French speakers and right-handed. Participants with MCI were recruited from memory clinics and met the criteria for single or multiple domains amnestic MCI ([@bb0325]; [@bb0320]; [@bb0440]), in that 1) they worried about their memory, 2) they performed at least 1.5 standard deviation below age- and education-adjusted norms on neuropsychological memory tests, 3) they did not show global cognitive impairment on the basis of the Mini-Mental State Evaluation (MMSE, adjusted for age and education; [@bb0135]), and 4) they were not impaired in their activities of daily living on the basis of the Functional Autonomy Measurement System ([@bb0185]) and clinical interview. At baseline and follow-up, individuals with MCI underwent a neuropsychological assessment to measure their episodic memory (RL/RI-16, free and cued word recall task ([@bb0050]; [@bb0425]), 20-min delayed recall of the Rey Complex Figure ([@bb0370]), executive functions (third plate of the Stroop-Victoria ([@bb0355]) and copy of the Rey Complex Figure), visuospatial processing (Benton Judgment of line orientation; [@bb0020]), speed of information processing (Coding of the WAIS-III; [@bb0435]), language (Boston Naming Test; [@bb0225]), and global cognitive functions (Mattis Dementia Rating Scale; [@bb0285]). They also underwent an extensive medical, neurological and neuroradiological examination to exclude the existence of any systemic, neurological, or psychiatric condition that could account for the cognitive impairments. MCI individuals received the same clinical assessment every two years following recruitment to identify whether they progressed to dementia according to the NINCDS-ADRDA ([@bb0290]) and DSM-IV criteria ([@bb0005]). The two-year follow-up was continued for up to 6 years.

CTL older adults received an abbreviated neuropsychological assessment covering episodic memory (RL/RL-16, free and cued word recall task), speed of information processing (Coding sub-test of the WAIS-III), and global cognitive functions (MDRS, MMSE) at entry of the study to characterize their cognition. CTLs were followed over the two-year period of the study.

2.2. General procedure {#s0020}
----------------------

At baseline (Y0), a first session was used to provide informed consent and to complete the clinical and neuropsychological assessment. One week later, participants were familiarized with the MRI procedure and task, with a simulator that imitates the MRI environment. This ensured that participants understood the task and were comfortable with the scanning procedure and environment. The MRI examination was done in a separate session which took place one week following simulation. Longitudinal follow-up (Y2) was done approximatively two years following the first MRI session (18 to 30 months later) with the same MRI and clinical procedure as for Y0. Follow-up assessments were repeated on Y4 and Y6 following initial recruitment using the clinical and neuropsychological assessment only. The study was approved by the Comité mixte d\'éthique de la recherche du Regroupement Neuroimagerie/Québec (CMER-RNQ) ethic committee.

2.3. fMRI memory task {#s0025}
---------------------

Participants were asked to memorize 16 lists of nine concrete word pairs. Following the encoding of one list, participants were shown eight word-pairs and were asked to indicate whether the pair was part of the learning list or not. Retrieval lists included four pairs that were part of the learning list and four new pairs. Half of the new pairs were made up of an old and a new word and half were made up of old words that were rearranged to make new pairs. All words were one- or two-syllables long and the different lists were matched as much as possible for mean frequency, average word length and semantic relatedness.

The task was programmed on *E-prime* (Psychology Software Tool, Pittsburgh, Pennsylvania, 2016) and stimuli were projected onto a mirror. Pairs were presented sequentially at a rate of 4 s (s) per pair. Before each block of encoding, a brief instruction to memorize the word pairs was presented. Scanning was done in two separate runs. Each run was composed of four alternating series of cross fixation (20s), encoding instructions (4 s), encoding (36 s), retrieval instructions (4 s), and retrieval phase (40s). Only the encoding data is presented here.

2.4. Data acquisition {#s0030}
---------------------

MRI sessions were performed using a SIEMENS 3 T Magnetom TRIO System (Erlangen, Germany) at the Unité de Neuroimagerie Fonctionnelle (UNF) of the Institut universitaire de gériatrie de Montréal. The structural images were obtained with a sagittal T1-weighted three-dimensional MPRAGE sequence at the end of the scan session (Time of repetition (TR)/Time of echo (TE) = 1950/3.93 milliseconds (ms), flip angle = 15^o^; 176 slices, voxel size = 1 × 1 × 1 mm (mm), field of view (FOV) = 256 mm, matrix = 256 × 256). Functional MR images were acquired using gradient-echo echo-planar imaging sequences (GE-EPI) sensitive to blood oxygen level-dependent (BOLD) contrast (TR/TE = 2000/30 ms, flip angle = 90^o^, 31 interleaved slices, voxel size = 3.75 × 3.75 × 5 mm with a gap of 1 mm, FOV = 240 mm, matrix = 64 × 64).

2.5. MRI image processing {#s0035}
-------------------------

Longitudinal data were analyzed using the *FreeSurfer* 5.3 longitudinal pipeline ([@bb0360]), which consists in the normalization of all scans belonging to a subject into an individual template instead of individual sessions. Cortical reconstruction and volumetric segmentation ([@bb0090]) included motion correction of individual T1-weighted images, removal of non-brain tissue using a hybrid watershed/surface deformation procedure, automated transformation into the Talairach stereotaxic space, segmentation of the cortical and subcortical gray and white matter volumetric structures ([@bb0100]; [@bb0130]), intensity normalization ([@bb0405]), tessellation of the boundary between gray and white matter, and an automated topology correction ([@bb0400]). Individual data were inspected at each step and manual corrections were applied when necessary. The preprocessing stream was re-run for each edited step and re-examined to ensure that image quality was optimal. Hippocampal volumetric data were derived according to the Desikan-Killany atlas ([@bb0100]) and were corrected as a function of the total intracranial volume (ICV; Raw hippocampal volume/Intracranial volume X 100).

2.6. fMRI image processing {#s0040}
--------------------------

Prior to preprocessing, fMRI images for each subject were first corrected for movements using "BadSlice correction" included in the "Artrepair" software (<http://cibsr.stanford.edu/tools/human-brain-project/artrepair-software.html>). Images were then preprocessed and analyzed using Statistical Parametric Mapping (SPM12; <http://www.fil.ion.ucl.ac.uk/spm>). Functional data were realigned to the median image acquired in the session, and a mean image was created for each subject. Realigned volumes were then normalized into Montreal Neurological Institut (MNI) stereotaxic space and spatially smoothed with an 8 mm Full width at half maximum (FWHM) Gaussian kernel. Data were modelled with the canonical dynamic response function, and a high pass filter of 208 s was used in order to exclude low-frequency variations.

2.7. Statistical analysis {#s0045}
-------------------------

Since the main focus of the paper was to assess task-related activation in pMCI, analyses were first performed on this subgroup. They were then repeated on all MCI to facilitate comparison with published data that do not separate pMCI and sMCI though the entire group is not a focus of our paper.

Behavioral performance was measured with a memory score which takes into consideration both hits and false alarms: ((hit rates/total stimuli) -- (false alarm/total stimuli)). Performance was analyzed with a mixed analysis of variance (ANOVA) using Group (pMCI/all MCI, CTL) as a between-subject factor, and Time (Y0, Y2) as a within-subject factor. All behavioral analyses were done using the S*tatistical Package for Social Sciences* (SPSS) *v.25.0*.

Structural brain analyses were conducted in the QDEC interface of *FreeSurfer* 5.3 to identify cortical regions with cortical thinning. This method was used since it is well suited to assess longitudinal cortical thickness changes between two groups and because the analysis can simplify the models to a paired analysis when there are only two time points ([@bb0360]). A General Linear Model (GLM) with a Monte Carlo simulation correction with a threshold set at *p* \< .005 with a smoothing of 10 mm FWHM was used to test slope differences in thickness from Y0 to Y2 between CTL and MCI (pMCI/all MCI) individuals. Hippocampal volumes were extracted from *FreeSurfer* and exported in *SPSS*. Hippocampal volume was analyzed using Group (pMCI/all MCI, CTL) as a between-subject factor, and Hemisphere (left, right) and Time (Y0, Y2) as within-subject factors.

The fMRI design was a block design in order to maximize statistical power ([@bb0250]). The instruction blocks were modelled as a condition of no interest. Within-group voxel-wise comparisons were first performed for the "encoding" vs. "cross fixation" contrast using random effect models at both times of measure in order to assess regions activated by the task. This was done with a threshold of *p* \< .05 and family-wise correction (FWE). Functional ROI spheres were then created using the toolbox MARSeille Boîte À Région d\'intérêt (Marsbar) (<http://marsbar.sourceforge.net>) on regions showing steeper slope in cortical thickness in pMCI compared to CTL from Y0 to Y2 on the basis of the QDEC analysis using their peak coordinates. Since MRI and fMRI analyses were done using the Talairach and MNI templates respectively, we assessed the correspondence between coordinates using the Yale BioImage Suite Package application (<http://sprout022.sprout.yale.edu/mni2tal/mni2tal.html>) to build ROIs. Hippocampi ROIs were built using the PickAtlas toolbox ([@bb0275]). Functional betas values obtained via ROI analyses were then extracted from MarsBar and exported in *SPSS*. Between-group differences in brain activation values derived from the ROIs were directly assessed with mixed ANOVAs using Group (pMCI/all MCI, CTL) as a between-subject factor, and Time (Y0, Y2) as a within-subject factor and followed by simple effects in the case of significant interactions.

To assess the relationship between task-related activation and hippocampal volume/cortical thickness, bivariate Pearson correlation were computed between ROI activation betas values, hippocampal volume, cortical thickness derived from ROIs (at Y0 and Y2) and time to diagnosis (in months, at Y0 and Y2).

3. Results {#s0050}
==========

3.1. Clinical follow-up {#s0055}
-----------------------

Mean follow-up length in MCI individuals was 44.31 months (minimum of 24.67 months and maximum of 74.66 months). Thirteen MCI progressed to dementia. The mean time between the first scan and diagnosis was 33.64 months (SD = 22.03 months; range: 5--72 months). None of the CTLs met criteria for MCI or AD at Y2. Seven MCI persons and 4 CTLs dropped out of the study between Y0 and Y2 and were not included in the analyses.

3.2. Sociodemographic and neuropsychological data {#s0060}
-------------------------------------------------

Participants\' demographic and clinical data at Y0 are presented in [Table 1](#t0005){ref-type="table"} and are shown for the initial sample (*n* = 40) and for participants who remained in the study over the two-year follow-up (final sample; *n* = 29; 10 CTLs, 13 pMCI and 6 sMCI). Only the final sample was used for analyses. Independent-sample *t*-tests and chi-square analyses indicated that the final groups were comparable (pMCI/all MCI vs. CTL) for age, education, and gender distribution. Persons with pMCI performed significantly lower than CTLs on global clinical scales (MDRS, MMSE), as well as on measures of episodic memory (RL-RI 16 3rd free recall and delayed recall), and executive functions (coding WAIS-III. Of note, the initial versus final groups were comparable on these aforementioned measures, suggesting that the survival bias was unlikely to have impacted our findings.Table 1Demographic and clinical characteristics of participants (mean, with standard deviations in parentheses) at Y0.Table 1Initial sampleFinal sampleCTLMCIpMCIsMCICTLMCIpMCIsMCISex (f, m)8, 615, 117, 63, 36, 410, 97, 53, 3Age67.21 (6.80)68.32 (8.61)69.42 (7.25)67.00 (12.30)65.70 (6.96)68.61 (8.94)69.42 (7.25)67.00 (12.30)Education14.57 (3.76)14.56 (3.92)15.17 (4.55)14.67 (3.88)13.80 (3.39)15.00 (4.23)15.17 (4.55)14.67 (3.88)MDRS140.33 (2.65)134.96 (4.99)[b](#tf0010){ref-type="table-fn"}134.00 (4.55)[c](#tf0015){ref-type="table-fn"}140.33 (2.75)140.50 (2.88)136.11 (5.03)[a](#tf0005){ref-type="table-fn"}134.00 (4.55)[b](#tf0010){ref-type="table-fn"}140.33 (2.75)MMSE29.29 (1.14)27.57 (1.97)[b](#tf0010){ref-type="table-fn"}27.17 (2.08)[b](#tf0010){ref-type="table-fn"}29.17 (1.17)29.40 (0.70)27.83 (2.04)[b](#tf0010){ref-type="table-fn"}27.17 (2.08)[b](#tf0010){ref-type="table-fn"}29.17 (1.17)SMAF--−1.05 (1.05)−0.92 (1.02)−1.00 (1.00)--−0.94 (0.98)−0.92 (1.02)−1.00 (1.00)Boston Naming Test--13.22 (1.62)12.75 (1.71)14.33 (1.21)--13.28 (1.71)12.75 (1.71)14.33 (1.21)Coding (WAIS-III)11.29 (2.30)9.57 (2.61)9.75 (2.60)[a](#tf0005){ref-type="table-fn"}10.67 (2.25)11.00 (2.58)10.06 (2.46)9.75 (2.60)10.67 (2.25)Benton Judgment of line orientation--23.78 (3.86)23.83 (2.69)25.67 (3.88)--24.44 (3.15)23.83 (2.69)25.67 (3.88)  Rey Complex FigureCopy (score)--30.59 (3.52)31.00 (3.23)30.92 (2.84)--30.97 (3.02)31.00 (3.23)30.92 (2.84)Immediate recall (score)--10.23 (6.16)10.58 (6.24)13.90 (5.46)--11.56 (6.05)10.58 (6.24)13.90 (5.46)Delayed recall (score)--10.57 (6.26)10.92 (5.49)15.08 (5.55)--12.31 (5.72)10.92 (5.49)15.08 (5.55)  Stroop (3rd plate)Time--31.40 (8.06)31.78 (8.54)29.13 (7.53)--30.90 (8.09)31.78 (8.54)29.13 (7.53)Errors--1.22 (2.04)1.50 (2.02)0.50 (0.84)--1.17 (1.76)1.50 (2.02)0.50 (0.84)  RL/RI 163rd immediate free recall12.21 (2.33)7.43 (3.40)[c](#tf0015){ref-type="table-fn"}6.92 (2.31)[c](#tf0015){ref-type="table-fn"}11.33 (2.07)12.40 (2.67)8.39 (3.05)[b](#tf0010){ref-type="table-fn"}6.92 (2.31)[c](#tf0015){ref-type="table-fn"}11.33 (2.07)Delayed free recall12.71 (2.40)7.09 (4.01)[c](#tf0015){ref-type="table-fn"}6.33 (3.63)[c](#tf0015){ref-type="table-fn"}11.50 (1.87)12.30 (1.00)8.06 (3.98)[b](#tf0010){ref-type="table-fn"}6.33 (3.63)[c](#tf0015){ref-type="table-fn"}11.50 (1.87)[^1][^2][^3]

3.3. Behavioral performance during fMRI {#s0065}
---------------------------------------

Performances on the memory task used during the fMRI scan are shown in [Table 2](#t0010){ref-type="table"}. The analysis of the memory score in pMCI versus CTLs indicated a significant Group effect, *F*(1, 19) = 34.043, *p* \< .001, *η*^*2*^ = 0.642, with no Time, or Group x Time interaction, both *F* \< 1. Overall, CTLs showed better memory performance than pMCI persons. The same analysis with all MCI (sMCI + pMCI) also indicated a Group effect, *F*(1, 25) = 15.398, *p* \< .01, *η*^*2*^ = 0.381, CTLs showing better performance than all MCI, but no Time effect, *F*(1, 25) = 1.494, *p* = .233, or Group x Time interaction, *F*(1, 25) = 1.042, *p* = .317 ([Fig. 1](#f0005){ref-type="fig"}).Table 2Scores on the memory task (mean, with standard deviations in parentheses).Table 2CTLMCIpMCIsMCIT1Memory score0.70 (0.22)0.34 (0.28)[a](#tf0020){ref-type="table-fn"}0.25 (0.23)[a](#tf0020){ref-type="table-fn"}0.54 (0.29)  T2Memory score0.68 (0.22)0.26 (0.27)[a](#tf0020){ref-type="table-fn"}0.18 (0.17)[a](#tf0020){ref-type="table-fn"}0.43 (0.36)[^4]Fig. 1Time to dementia for the 13 pMCI participants included in the study. Time 0 represents the year at which diagnosis was received for each participant. Dots indicates the Y0 and Y2 scans.Fig. 1

3.4. Structural MRI analyses {#s0070}
----------------------------

### 3.4.1. Analysis of cortical thinning for ROI selection {#s0075}

*Comparison of pMCI and CTLs.* One pMCI subject had to be discarded from neuroimaging analyses due to poor image quality. The QDEC analysis comparing CTLs to the pMCI group between Y0 and Y2 revealed five regions that showed more cortical thinning in pMCI than in CTL individuals (see [Fig. 2](#f0010){ref-type="fig"} and [Table 3](#t0015){ref-type="table"}): the right supramarginal (BA40), right pars orbitalis (BA47), left pars opercularis (BA45), the left superior frontal gyrus (BA10) and the left lateral occipital gyrus (BA18). Thus, those regions were used as ROIs for functional analyses in addition to the hippocampi.Fig. 2Maps showing regions with significantly different thickness slopes from Y0 to Y2 between the pMCI and CTL using the general linear model at each vertex across the entire cortical mantle. Differences are expressed in Z scores, with the blue indicating a significantly steeper slope difference in the pMCI group than in the CTL group. Maps are presented on the pial cortical surface of an average brain with sulci in dark gray color and gyris in light gray color. Non-cortical regions (i.e. thalamus, basal ganglia) were not included in the analysis. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 2Table 3Cluster sizes, peak Talairach coordinates, and corresponding Z-scores for clusters showing a steeper cortical thickness slope from Y0 to Y2 in the pMCI group compared to CTLs with Monte Carlo simulation correction set at 0.005.Table 3Cluster size (mm^2^)xyzZ scoreRight supramarginal (BA40)326.0252.6−36.542.9−4.162Right pars orbitalis (BA47)9009.8044.339.2−13.0−8.809Left pars opercularis (BA45)1095.03−53.221.89.3−5.757Left superior frontal gyrus (BA10)4499.26−7.958.8−1.7−8.438Left lateral occipital gyrus (BA18)284.21−15.3−98.74.0−3.181

*Comparison of all MCI and CTLs.* There was no region showing cortical thinning between Y0 and Y2 when comparing the whole MCI group to CTLs.

### 3.4.2. Hippocampal volume analysis {#s0080}

*Comparison of pMCI and CTLs.* The analysis of hippocampal volume (see [Table 4](#t0020){ref-type="table"}) indicated a significant Group effect when comparing pMCI to CTLs, *F*(1, 20) = 7.617, *p* \< .05, *η*^*2*^ = 0.276, due to smaller hippocampal volumes in pMCI than CTLs. The Hemisphere effect was also significant, *F*(1, 20) = 119.073, *p* \< .001, *η*^*2*^ = 0.856, and this was qualified by a Group x Hemisphere interaction, *F*(1, 20) = 4.796, *p* \< .05, *η*^*2*^ = 0.193. The interaction was due to the fact that pMCI have larger left than right hippocampus volume, while this was not found in CTLs. None of the other effects were significant: Time effect, *F*(1, 20) = 1.643, *p* = .215, Group X Time, *F* \< 1, Group x Hemisphere x Time interactions, *F*(1, 20) = 1.939, *p* = .179.Table 4Hippocampal volumes (corrected for intracranial volume) for the CTLs, all MCI, pMCI, and sMCI groups (mean, with standard deviations in parentheses).Table 4CTLMCIpMCIsMCIT1Left hippocampus0.27 (0.03)0.24 (0.06)0.23 (0.06)0.28 (0.04)Right hippocampus0.28 (0.03)0.26 (0.05)0.24 (0.06)0.28 (0.04)  T2Left hippocampus0.23 (0.03)0.20 (0.06)0.18 (0.05)0.24 (0.04)Right hippocampus0.24 (0.03)0.20 (0.06)0.18 (0.05)0.25 (0.04)

*Comparison of all MCI and CTLs.* When comparing all MCI to CTLs, there was no Group or Time effect, nor Group x Time interaction.

4. fMRI analyses {#s0085}
================

4.1. Within-group whole-brain activation {#s0090}
----------------------------------------

*Activation at Y0.* The areas of activation during the memory task are presented in [Table 5](#t0025){ref-type="table"} and activation maps are shown in [Fig. 3](#f0015){ref-type="fig"}. At Y0, all groups (CTL, pMCI, all MCI) activated the occipital lobe bilaterally, the left inferior (pars opercularis and pars triangularis) and middle gyri, the left precuneus, and the left inferior parietal lobe. In addition to common areas of activation, CTLs activated the right inferior and superior parietal lobes and the left cerebellum. The group of pMCI additionally activated the left superior parietal lobe and the right cerebellum in addition to common areas of activation. When combined, all MCI individuals also activated the right angular gyrus, and the right inferior and superior parietal lobes, and deactivated the right superior and middle temporal lobes, the posterior cingulate and the precuneus bilaterally, in the anterior cingulate, and in the left superior and medial frontal gyri.Table 5Cluster size, peak voxel MNI coordinates, and corresponding t-values for clusers associated with encoding at Y0 and Y2 for the CTL, pMCI, and all MCI (p \< .05, FWE corrected).Table 5Y0Cluster size*xyzt*-valueCTL group: Encoding \> Visual fixationLeft cerebellum anterior lobe250−58−348.59Right occipital lobe (18)72145−55−1312.41Left occipital lobe (18)505−15−85199.06Left inferior and middle frontal gyri (10, 46)63−3950813.06Left inferior frontal gyrus (pars opercularis and triangularis; 6, 9, 44, 45)122−512088.92Left precuneus and inferior parietal lobes (7, 19)73−27−64385.93Right inferior and superior parietal lobes (7, 19, 40)8624−613210.20Left supplementary motor area (6, 8, 32)19914476.60  pMCI group: Encoding \> Visual fixationRight cerebellum posterior lobe2133−64−315.18Left occipital lobe (18)298−24−76−139.89Right occipital lobe (18)19718−94−110.67Left inferior (pars opercularis and triangularis) and middle gyri (6, 9, 44, 45, 46)181−4811207.73Left precuneus and inferior and superior parietal lobes (7, 19)78−27−76417.97Left supplementary motor area (6. 8, 32)16−311505.67  Whole MCI group: Encoding \> Visual fixationRight occipital lobe (18)55718−9426.47Left occipital lobe (18)642−24−76−136.62Left inferior (pars opercularis and triangularis) and middle gyri (6, 9, 44, 45, 46)381−395325.26Right angular gyrus and inferior and superior parietal lobes (7, 40, 19)10224−61505.00Left precuneus and inferior and superior parietal lobes (7, 19)179−27−76415.37  Whole MCI group: Encoding \< Visual fixationRight superior and middle temporal lobes (39, 40)16651−6123−4.98Posterior cingulate cortex and precuneus bilaterally (7, 31)6580−6147−5.19Anterior cingulate cortex and left superior and medial frontal gyri (9, 10)753−155623−5.79Y2Cluster size*xyzt*-value  CTL group: Encoding \> Visual fixationRight cerebellum and occipital lobes bilaterally (18)270230−85−419.81Right inferior frontal gyrus (47)362429−107.16Left inferior (pars opercularis and triangularis) and middle gyri (6, 9, 44, 45, 46)743−42−12620.36Left precuneus and superior parietal lobe (7, 19)169−36−433211.92Left supplementary motor area (6, 8, 32)218−911508.81  pMCI group: Encoding \> Visual fixationRight cerebellum and occipital lobe (18, 19)67018−88510.28Left occipital lobe (18, 19)704−27−82−1915.35Left inferior gyrus (pars opercularis, triangularis, and orbitalis; 6, 9, 13, 45, 46, 47)757−39261711.50Right inferior frontal gyrus (pars opercularis; 13, 45, 47)131421758.92Left frontal middle gyrus (10, 46)53−3950118.24Right inferior (pars triangularis) and middle gyri (10, 46)13533321710.36Right supramarginal gyrus and inferior parietal lobe (7, 40)16636−49388.85Left precuneus and inferior and superior parietal lobes (7, 40)265−27−61388.94  Whole MCI group: Encoding \> Visual fixationRight cerebellum and occipital lobe (18, 19)101518−8855.76Left occipital lobe (18, 19)953−27−82−196.42Left inferior (pars opercularis and triangularis) and middle gyri (6, 13, 45, 46, 47)1071−3926176.05Right inferior (pars opercularis and triangularis) and middle gyri (46, 47)4683332175.35Left putamen109−21−154.88Right angular gyrus and inferior and superior parietal lobes (7, 40)32236−49385.28Left supplementary motor area (6, 8, 32)313−611535.62Left precuneus and inferior and superior parietal lobes (7, 40)429−27−61385.72  Whole MCI group: Encoding \< Visual fixationRight superior and middle temporal lobes (22, 39, 40)14557−5217−5.28Posterior and middle cingulate cortices and precuneus bilaterally (5, 7, 24, 31, 35)915−6−4047−6.13Anterior cingulate cortex and superior frontal gyrus bilaterally (9, 10)613−65626−6.34Fig. 3One *t*-test maps of activation during the encoding of word-pairs by the CTL, pMCI, and all MCI groups at Y0 and Y2. Contrasts are expressed in *t* scores with the orange and yellow indicating significantly higher activation than baseline and the blue indicating significantly lower activation than baseline (deactivation). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 3

*Activation at Y2.* At Y2, all groups activated the occipital lobes bilaterally, the right cerebellum, the left inferior frontal gyrus bilaterally, the left middle frontal gyrus, the left precuneus, the left superior parietal lobe, and the supplementary motor area. In addition to common areas of activation, the pMCI group activated the right middle frontal gyrus, the inferior parietal lobe bilaterally, and the right supramarginal gyrus. When combined, MCI individuals additionally activated the left putamen, the right angular gyrus, the right inferior and superior parietal lobes, and the left inferior parietal lobe and deactivated the right superior and middle temporal lobes, the anterior, posterior and middle cingulate cortices, the precuneus bilaterally, and the superior frontal gyrus bilaterally.

4.2. Between group ROI-based activations {#s0095}
----------------------------------------

*Comparison of pMCI and CTLs.* Groups were directly compared on brain activation derived from the hippocampi and five cortical regions showing cortical thinning: the right supramarginal (BA40), right pars orbitalis (BA47), left pars opercularis (BA45), left superior frontal gyrus (BA10) and the left lateral occipital gyrus (BA18). [Fig. 4](#f0020){ref-type="fig"} shows activations in all ROIs for the pMCI and CTL groups. The analyses that assessed activation of the right supramarginal gyrus in pMCI and CTLs indicated a main Group effect, *F*(1, 20) = 6.495, *p* \< .05, *η*^*2*^ *= 0*.245, due to larger activation in pMCI than in CTLs but no Time effect, or Group X Time interaction, *F* \< 1 in both cases. There was also a significant Group, *F*(1, 20) = 5.508, *p* \< .05, *η*^*2*^ *= 0*.216, and Time effect, *F*(1, 20) = 7.786, *p* \< .05, *η*^*2*^ = 0.280, in the left opercularis, but no interaction, *F* \< 1. pMCI showed a lower level of activation than CTLs and activation increased from Y0 to Y2 for both groups. Analysis of the left lateral occipital gyrus revealed a Time effect, *F*(1, 20) = 12.019, *p* \< 0.01, *η*^*2*^ *= 0*.375, as activation increased from Y0 to Y2. There was no Group effect, *F*(1, 20) = 1.181, *p* = .290, nor Group X Time interaction, *F*(1, 20) = 2.523, *p* = .128. There were no effects or interactions in the right pars orbitalis (Group and Time, *F* \< 1; Group x Time interaction, *F*(1, 20) = 3.149, *p* = .093), or in the left superior frontal gyrus (Group, Time, Group x Time interaction, all *F* \< 1).Fig. 4Task-related activation comparisons between CTLs and pMCI from Y0 to Y2 in the four ROIs derived from the QDEC analysis and in both hippocampi. Significant group differences were only found in the right supramarginal gyrus, left pars opercularis, and the left hippocampus, with no Time effect nor Group X Time interaction. None of these effects were significant in the right hippocampus, left superior frontal gyrus, and left pars orbitalis.Fig. 4

A significant Group effect was found in the left hippocampus, *F*(1, 20) = 6.834, *p* \< .05, *η*^*2*^ = 0.255, with lower levels of activation in pMCI persons than in CTLs. There was also a Time effect, *F*(1, 20) = 4.934, *p* \< 0.05, *η*^*2*^ = 0.198, as the level of activation increased from Y0 to Y2 in both groups. There was no Group x Time interaction, *F* \< 1. The Group effect in the right hippocampus just missed significance, *F*(1, 20) = 3.601, *p* = .07, and the Time and Group x Time interaction was not significant, both *F* \< 1.

*Comparison of all MCI and CTLs.* When comparing activation in the whole MCI group and CTLs, the analysis indicated a significant Group effect in the left pars opercularis, *F*(1, 25) = 4.952, *p* \< .05, *η*^*2*^ = 0.160, as MCI showed less activation than CTLs, and a Time effect, *F*(1, 25) = 7.558, *p* \< .05, *η*^*2*^ = 0.225, as activation increased from Y0 to Y2, but no Group x Time interaction, *F* \< 1. A Time effect was found significant for the left lateral occipital gyrus, *F*(1, 25) = 7.974, *p* \< .01, *η*^*2*^ = 0.235, as activation increased from Y0 to Y2. There was no Group effect, *F*(1, 25) = 3.856, *p* = 0.06, nor Group X Time interaction, *F* \< 1. None of the other cortical regions showed a significant effect: the superior frontal area (Group, *F*(1, 25) = 1.054, *p* = .396, Time and Group x Time interaction, both *F* \< 1), right pars orbitalis (Group, Time, both *F* \< 1, Group x Time interaction, *F*(1, 25) = 2.571, *p* = .124), right supramarginal gyrus (Group, *F*(1, 25) = 3.241, *p* = .08, Time and Group x Time interaction, both *F* \< 1).

The analysis of activation in the left hippocampus, indicated a significant Group, *F*(1, 25) = 5.285, *p* \< .05, *η*^*2*^ = 0.169, and Time effects, *F*(1, 25) = 4.934, *p* \< .05, *η*^*2*^ = 0.198, but no Group x Time interaction, *F* \< 1. MCI showed less activation than CTLs, and activation increased from Y0 to Y2. None of the effects were significant for activation in the right hippocampus (Group, *F*(1, 25) = 2.386, *p* = .135, Time and Group x Time interaction, both *F* \< 1).

4.3. Correlational analyses {#s0100}
---------------------------

No correlation was found significant between activation (betas values) and time to dementia (months) in any of the cortical ROIs or hippocampi (*p* ranging from 0.174 to 0.874; see [Fig. 5](#f0025){ref-type="fig"}). However, we found negative correlations between the volume of the left hippocampus and time to dementia, *r* = −0.547, *p* \< .01, *r*^*2*^ = 0.30, and between thickness of the left pars opercularis and time to dementia, *r* = −0.534, *p* \< .01, *r*^*2*^ = 0.29. In both cases, smaller volume/thickness are associated with closer time to dementia.Fig. 5Relation between morphological measures (hippocampal volume, cortical thickness; upper row), task-related activation betas values (lower row) and time to diagnosis in regions showing group differences in task-related activation in the pMCI group. Each pMCI subject is depicted in relation to its individual time to diagnosis with its Y0 and Y2 connected by a line.Fig. 5

5. Discussion {#s0105}
=============

The innovative aspect of this study is that we relied on a longitudinal design to assess task-related brain activation in persons with MCI. This allows for the identification of individuals with MCI who later progressed to dementia and to assess whether activation changes over a two-year period. We also examined task-related activation beyond the hippocampus to include structurally-damaged cortical regions. Our study confirms that hyperactivation is an early hallmark of AD, as we observed larger activation than CTLs in the right supramarginal gyrus of MCI who were confirmed to later progress to dementia. Interestingly, we also found hypoactivation in the left hippocampus and pars opercularis, indicating that hyper- and hypoactivation can co-exist during the disease progression. There were no activation changes after two years, and task-related activation did not relate to time before the clinical diagnosis of dementia. This suggests that hyperactivation is relatively stable when examined over a relatively short period. In contrast, hippocampal volume and cortical thickness showed change over time, and these changes were associated with shorter time to diagnosis. Each of these main findings will be discussed in the following section in relation to our research objectives.

Our first objective was to assess whether task-related hyperactivation was found when examined in a group of pMCI individuals, that is, in individuals who were confirmed to later progress to dementia. Examining hyperactivation only in pMCI is of a great importance to understand the early mechanisms that are truly associated with neurodegenerative processes and to identify individuals that are more likely to develop dementia. Our results indicated that this was indeed the case, as hyperactivation was found to be present in pMCI. We also assessed activation using the whole MCI sample that is, including both stable and pMCI. This was done to compare our results with the literature, where most studies included MCI individuals irrespective of whether they will later progress to dementia or not. Interestingly, the right parietal hyperactivation was no longer significant when using the larger group. It is likely that including stable MCI contributes to reducing the effect, which might partly explain the discrepancies observed in the literature, where some studies failed to observe hyperactivation in MCI. Including stable MCI might indeed impede the possibility to examine task-related hyperactivation. Of note, there was a conspicuous absence of task-induced deactivation in the CTL group, a result similar to a large number of prior studies in older adults ([@bb0260]; [@bb0180]; [@bb0245]; [@bb0300]; [@bb0315]). Absence of task-induced deactivation was also present in pMCI, consistent with other prior studies ([@bb0010]; [@bb0330]; [@bb0335]). Note that a few studies did not find failure to deactivate in MCI (see [@bb0155]; [@bb0230]). This discrepancy may be due to an effect of disease severity ([@bb0065]; [@bb0335]; [@bb0415]) or to the fact that few prior studies have examined whether their at-risk individuals actually progressed to dementia. They might thus have included a heterogeneous group of individuals. Nonetheless, it is reassuring that we did not find deactivation, as it indicates that hyperactivation cannot be merely explained by reduced deactivation in pMCI.

A second objective was to assess the location of these hyperactivations and more precisely, whether hyperactivation is present in cortical regions. Most fMRI studies reporting hyperactivation have focused on the hippocampus, so it is important to investigate whether the hyperactivation phenomenon also occurs in cortical regions. Our finding of hyperactivation in the right supramarginal gyrus indicates that hyperactivation can be found in other regions that are vulnerable to AD. Contrary to prior studies, we did not observe hippocampal hyperactivation. We rather observed hypoactivation in the left hippocampus in the pMCI group and neither hyper- nor hypoactivation difference in the right hippocampus. This is in opposition to the data reported by a number of previous studies ([@bb0105]; [@bb0190]; [@bb0295]; [@bb0350]; [@bb0310]) where hyperactivation was reported in the hippocampus. This is not entirely incompatible with the model, however. One interpretation for the lack of hyperactivation in the hippocampus is that MCI individuals in our sample are more severely impaired than those included in previous studies. It is interesting to highlight that our pMCI were first scanned on average 33 months prior to diagnosis. This is quite close to diagnosis considering that the disease progresses over about 20 years, and it is possible that hyperactivation occurs at different times for different brain regions. Importantly, few prior studies have examined pMCI separated from stable MCI and these have not reported time to diagnosis. It is therefore not possible to determine at which stage participants were in those earlier studies. Hyperactivation might have been present in the hippocampus of our participants at some point prior to study entry. It is also possible that previous studies included a mixture or progressors and stable MCI and that stable MCI may have contributed to increase the group level of hippocampal activation given that they might not be affected by AD.

The fact that we found hyperactivation in the right parietal area is not trivial. Indeed, it is in line with a study from our team that reported that increased parietal activation was positively correlated with memory improvement following cognitive training in persons with MCI ([@bb0015]). In the same vein, [@bb0115] reported that larger parietal activation was associated with better cognition in older adults with high amyloid deposition. These authors have proposed that activation in this region can support compensatory mechanisms in older adults suffering from early AD. It is interesting to note that CTLs recruited the left parietal area homologous to the right parietal region recruited by MCI. Thus, it appears that pMCI recruited an alternative region that is not typically involved in the task. Interestingly, this new recruitment is controlateral to the same region recruited in the left hemisphere by CTLs. This result is consistent with studies indicating that older adults recruit regions that are controlateral to the ones recruited by younger adults ([@bb0255]; [@bb0365]; [@bb0420]). It is also consistent with some prior studies from our lab that found similar controlateral recruitments in MCI when compared to older CTLs ([@bb0070], [@bb0075]). This pattern is consistent with the hemispheric asymmetry reduction in older adults (HAROLD; [@bb0055]), which suggests that neural compensation occurs by recruiting brain areas that are controlateral to those normally recruited by a task. Interestingly, parietal hyperactivation in pMCI co-occurred with hypoactivation of the left hippocampus and inferior frontal gyrus, two regions activated by healthy controls and typically involved in verbal memory ([@bb0095]; [@bb0110]; [@bb0295]). This suggests that parietal hyperactivation may result from a shift of activation from impaired, underrecruited prefrontal areas within the memory network to more posterior regions. Hence the recruitment of alternative regions such as the right parietal area might reflect compensatory mechanisms in response to the effects of neuropathology on the function of specialized regions. We must acknowledge that performance is quite low in pMCI in spite of putative compensation processes. The presence of compensation mechanisms does not guarantee that the newly deployed or increased neural resources will totally eliminate the gap between task demands and available resources, and in fact, it is unlikely to be the case in most circumstances, especially in individuals with severe clinical impairments ([@bb0060]). Thus, there are occurrences where compensation occurs but is only partially successful and insufficient to normalize performance. It is possible that the pMCI individuals in our study recruited the right supramarginal gyrus in an "attempted/incomplete compensation", but were unable to equal their healthy counterparts\' performance. There is presently no gold standard that would allow us to determine the amount of impairment expected in the presence of a given brain atrophy and hence to quantify the extent of successful compensation if any.

Our third and last objective was to assess the hyperactivation trajectory. This was done by looking at how hyperactivation changes over a two-year period and whether it interacts with group membership and by examining its relationship with clinical symptoms and time before dementia. Surprisingly, we found that both hyperactivation and hypoactivation were stable over the two-year follow-up that was used here. We have to remain prudent in interpreting this lack of longitudinal change, as it might be explained by our relatively small sample size. It might also be explained by interindividual variability in the temporality of the inverse U-shape. As patients are at different stages of the continuum, some might show increased activation whereas others might show decreased activation. However, if that was the case, one would expect a correlation between activation and time to dementia, which was not found here. Another hypothesis is that change in task-related activation might take place on a longer timeframe than a two-year period and our test-retest length might not have been sufficient to capture it. This stresses the importance to study hyperactivation on a longer period of time to better determine its trajectory and its effect on the brain and cognition. Activation in the left opercularis increased over time, but the Group effect remained significant in the absence of Group X Time interaction. This means that the increased activation is present to a similar degree in pMCI and CTLs with the result that activation in pMCI remains hypoactive when comparing their activation to that of CTLs. Importantly, hippocampal volume and volume of the left pars opercularis regions were found to be negatively correlated with time to dementia, confirming that time to dementia was a sound measure of disease severity.

Overall our results are partly consistent with the cascading network model ([@bb0215], [@bb0220]). This model proposes that early disruption of tau-related networks would lead to a compensatory load shift to posterior areas that are more prone to amyloid accumulation, until these latter regions would meet amyloid saturation. Since the hippocampus is an early site of tau accumulation ([@bb0030]; [@bb0395]; [@bb0430]), hypoactivation found in this region might result from excessive tau pathology while right parietal hyperactivation might be indicative of a compensatory load shift toward more posterior regions. However, it should be acknowledged that this interpretation remains speculative since we did not measure amyloid level or tau in our study. It is also important to keep in mind that the compensatory and excitotoxic accounts might not be mutually exclusive as early compensatory increased neuronal activity might contribute to neuropathology propagation ([@bb0190], [@bb0195]; [@bb0390]).

Our study has limitations which must be recognized and addressed. Although focusing on MCI persons who progressed to dementia is a strength and reduced within-group heterogeneity, it also negatively impacted our sample size since we only examined those who were retained at follow-up and who progressed to dementia. Also, we did not include markers of amyloid and/or tau pathology in our participants and hence cannot conclude with certainty about the etiology of their cognitive symptomatology. We only used two longitudinal points which does not allow a measure of non-linear pattern of changes. Using non-linear models would have more directly tested the postulated inverse U-shape trajectory of task-related activation. We used a block design and therefore, we did not assess activation for correct vs. incorrect responses. Of note is the fact that several studies have found hyperactivation using a block design ([@bb0080]; [@bb0070]; [@bb0085]; [@bb0120]; [@bb0150]; [@bb0375], [@bb0380]; [@bb0450]) and therefore, we believe that such a design is appropriate to detect the presence of hyperactivation in MCI. We did not control for the potential effect of reduced behavioral performance on patterns of brain activation, as statistically controlling for group differences in performance controls for the clinical effect and therefore would result in potentially removing group effect in activation. Finally, partial volume effect could have introduced potential noise in fMRI signal.

6. Conclusion {#s0110}
=============

To conclude, our findings show that task-related hyperactivation is present in structurally impaired regions when examining MCI individuals with a confirmed progression to dementia and that hyperactivation can co-occur with hypoactivation. Hypoactivation is deemed to reflect a failure to activate regions typically implicated in episodic memory. In turn, the hyperactivation of the right supramarginal gyrus which was found here might represent a shift in activation to compensate for the harmful consequences of neuropathology. Larger longitudinal studies with longer follow-up and additional time points will be required to underpin the complex relation between activation and cognition. Further studies will also be needed to determine how hyperactivation can contribute to optimize prediction of future dementia in combination with other neuroimaging markers, biomarkers and/or cognition. It will also be important to prove its value as a "pre-clinical" marker when cognitive symptoms are absent of very subtle in order to identify preclinical AD.
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[^1]: impairment relative to CTLs at *p* \< .05.

[^2]: impairment relative to CTLs at *p* \< .01.

[^3]: impairment relative to CTLs at *p* \< .001.

[^4]: Group effect, with impairment relative to CTLs at *p* \< .05.
